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Hybrid two-dimensional (2D) Raman-terahertz spectroscopy is used to measure the interactions
between two solvents pair in the binary CHBr3-MeOH mixture in the frequency range of 1-7 THz.
Changes in the cross peak signature are monitored, originating from the coupling of an intramolecu-
lar bending mode of CHBr3 to the collective intermolecular degrees of freedom of the mixture. The
appearance of a new cross peak in the 2D spectrum measured for solvent mixture with MeOH molar
fraction of 0.3 indicates a coupling to a new set of low-frequency modes formed due to the hydrogen
bond interactions between the two solvents. This interpretation is supported by the measurement
of the CHBr3-CS2 binary solvent mixture as well as by 1D absorption measurements of neat MeOH.
I. INTRODUCTION
Over the course of recent years, there has been sig-
nificant progress in the development of time-resolved
multidimensional spectroscopy techniques in the low-
frequency part of the electromagnetic spectrum. Fol-
lowing the well-established multidimensional techniques
in infrared regimes,1 their low-frequency counterpart is
aiming to access detailed structural information through
spectral densities residing below 10 THz (1 THz = 33
cm−1), where the rotational transition of molecules in the
gas phase, strong transition in the semiconductor solids,
and intra/intermolecular vibrational motion of the liquid
phase can be found.
The first attempts to study the inhomogeneous na-
ture of the low-frequency transitions in liquids were
inspired by the concept of 2D Raman spectroscopy,
which was proposed by Tanimura and Mukamel in 1993.2
2D Raman spectroscopy allows observing microscopic
molecular dynamics through the change of the polar-
izability of the sample in response to the sequence of
five electronically off-resonant excitations.3 Despite the
tremendous experimental challenges associated with the
realization of the fifth-order nonlinear technique, sig-
nals from simple organic liquids such as CS2 and for-
mamide were successfully measured.4,5 Recently, a single
pulse 2D Raman technique developed by Silberberg and
coworkers was implemented to overcome the most sig-
nificant experimental obstacle in the form of parasitic
low-order cascading process6 and demonstrated the abil-
ity to measure intramolecular coupling of simple halo-
genated liquids.7 Steady progress in the generation and
manipulation of strong THz fields8 stimulated the de-
velopment of alternative spectroscopic path toward low-
frequency multidimensional spectroscopy – third-order
2D THz spectroscopy9 which probes multipoint corre-
lation function of the nuclear dipole moment of low-
frequency transitions. 2D THz spectroscopy was suc-
cessfully realized on molecules in a gas phase10,11 and
semiconductor solids12, however, the still rather limited
available energies and bandwidth of THz pulses, and the
experimental limitation in generation and recombination
of multiple THz pulses, have not allowed yet the real-
ization of such experiments in liquids, where transition
dipoles of the low-frequency modes are extremely small.
In an attempt to circumvent the experimental limi-
tation of the “pure” techniques mentioned above, 2D
Raman and 2D THz spectroscopy, hybrid methods,
which combine indirect optical and direct THz excita-
tion in a single experiment, were proposed and real-
ized experimentally for various systems, including molec-
ular liquids13–19 and semiconductor solids.20 Bonn and
coworkers combined THz, mid-IR, and visible pulses to
measure couplings between the high and low-frequency
modes in liquid water.17 Blake and co-workers have in-
troduced 2D THz Raman spectroscopy with the THz-
THz-Raman (TTR) pulse sequence to study halogenated
liquids.14,15
At the same time in our group, an alternative hybrid
method denoted 2D Raman-THz spectroscopy with the
Raman-THz-THz pulse sequence (RTT) has been under
steady development.13 2D Raman-THz spectroscopy al-
lows to interrogate the low-frequency vibrational modes
of liquids consecutively through impulsive (nonlinear)
Raman and direct (linear) THz excitation, providing
equivalent information accessible by conventional third-
order echo-based spectroscopies.21,22 By measuring the
extent of the emitted echo signals, the approach demon-
strated the ability to report on the inhomogeneity of low-
frequency intermolecular modes of liquid water.13 and
aqueous salt solutions, providing a glance into the corre-
lation between macroscopic viscosity and structuring of
hydrogen-bond networks on the molecular level.16 In fur-
ther work, we were able to disentangle the contribution of
nuclear quantum effects to water’s structure in different
water isotopologues.18
We also applied 2D Raman-THz spectroscopy to a se-
ries of halogenated organic molecules, liquid bromoform
and iodoform.19 This study was inspired by the work
of Blake and co-workes on similar halogenated systems
with THz-THz-Raman (TTR) pulse sequence mentioned
earlier,14,15 to see whether RTT pulse sequence can pro-
vide complementary information on these molecules. The
most recent interpretation of the TTR signals by Blake
and coworkers suggested that the observed signal stems
from the instantaneous excitation of intramolecular vi-
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2brations through a two-photon absorption process by
a pair of strong THz fields (sum-frequency excitation
pathway).23 This explanation is consistent with the in-
terpretation of the THz-Kerr effect observed earlier for
similar liquids.24–27 Our RTT pulse sequence lacks the
strong initial THz process required for that process. Con-
cordantly, we suggested that the RTT response originates
from a different coherence pathway, initiated by a Raman
induced excitation of intramolecular modes, and followed
by a weak THz interaction that switches coherences from
intra to intermolecular modes through two-quantum pro-
cess revealing a cross peak between these two degrees of
freedom.19
In the present paper, we like to test this interpreta-
tion further by measuring 2D Raman-THz spectra for
a binary bromoform-methanol (CHBr3-MeOH) solvent
mixture, which is more complex with respect to its in-
termolecular response. To that end, we monitor changes
in the cross peaks signature originating from the coupling
of intramolecular symmetric bending mode of CHBr3 at
v3=6.7 THz with the broad intermolecular band at about
1.6 THz as a function of the MeOH concentration in the
CHBr3-MeOH mixture.
It is well known that various excess thermodynamic
properties such as the molar heat of mixing (HE), mo-
lar excess Gibbs free energy (GE), and excess volumes
of mixing (V E) for binary solvent systems of n-alcohols
with CHCl3 and CHBr3 show significant deviation from
ideal behavior.28 For example, V E for the CHBr3-MeOH
solvent mixture is constantly negative throughout the
entire mole fraction range,29 indicating that there are
specific interactions between alcohol chains and CHBr3,
which result in the volume decrease (negative V E). They
overweight positive V E factors such as the steric repul-
sion between the alcohol alkyl chains and the bulky Br
atom, and the rupture of the MeOH hydrogen bond net-
works upon dilution with CHBr3. It was proposed that
the hydrogen bond donating ability of CHBr3 (the H
atom) and the hydrogen bond accepting properties of
MeOH (the O atom) are primarily responsible for the for-
mation of networks of hydrogen bond clusters in CHBr3-
MeOH binary system. Further UV-Vis studies with var-
ious solvatochromic probe molecules in CHCl3-MeOH
mixture,30 and its dynamical characterization by means
of femtosecond transient absorption spectroscopy,31 pro-
vided clear evidence that both molecules interact through
hydrogen bond networks. In the current study, we mea-
sure that interaction via a cross peak between a in-
tramolecular mode of CHBr3 and the intermolecular net-
working modes of the binary mixture directly in the low-
frequency THz spectral range.
II. METHODS
The experimental set-up for 2D Raman–THz spec-
troscopy was essentially the same as described in de-
tail before,13 albeit based on a different laser system. In
brief, the output of a Yb-dobed fiber laser/amplifier sys-
tem (short-pulse Tangerine, Amplitude Systems, France)
with a central wavelength of 1030 nm, pulse duration
of 150 fs, and repetition rate of 10 KHz was split into
THz and Raman branches. The THz pulses were gen-
erated via optical rectification by focusing 7 µJ of the
fundamental amplifier output into a 100 µm thick (110)
GaP crystal, which generated weak but broadband THz
pulses with a near single-cycle shape and a bandwidth
that extends to ∼7 THz. The THz pulse was focused on
the sample by a custom made elliptical mirror with 2f =
83 mm and the emitted signal was subsequently detected
with an equivalent GaP crystal via electro-optic sampling
with enhanced sensitivity.32 Raman pulses with a central
wavelength of 860 nm and energy of 5 µJ were produced
in an OPA (Twin STARZZ, Fastlight, France) pumped
from the second harmonic of the Tangerine system.
Delay t1 between the Raman pump and the THz pulse
was controlled by a step-scan motor (Physics Instru-
ments, M-405.DG), while sampling delay t2 was scanned
contentiously by a fast-scanning motor (Physics Instru-
ments, V-408). The sample was contained in the static
cuvette made of two thin sapphire windows (UQG op-
tics) separated by a 300 µm Teflon spacer. A low-pass
filter with a cutoff frequency of 7 THz as well as Gaussian
apodization has been applied to all data. The averaging
time varied from 5h for the pure CHBr3 sample up to
80h for the XMeOH = 0.3 sample.
In contrast to our previous work,19 we undersampled
data along the Raman axis by a factor of 2. This re-
duced the signal acquisition times by the same factor,
which became crucial when the much smaller signals from
CHBr3-MeOH mixtures are measured. There are two in-
tramolecular vibrational modes (asymmetric v6=4.7 THz
and symmetric v3=6.7 THz C-Br bending modes) giv-
ing rise to two cross peaks in the 2D Raman-THz spec-
trum due to the coupling to the intermolecular modes of
CHBr3.
19 The v3 mode tends to provide much stronger
cross peaks signals, despite the fact that it is placed on
the edge of the detection bandwidth of our 2D spectrom-
eter. Under-sampling along the Raman axis results in
the “folding” of the 6.7 THz mode into the rephasing
part of the 2D spectra and inherent separation of that
signal from the weak contribution of the v6 mode. This
folding is justified by the fact that the rephasing part
of the signal is significantly suppressed by the specific
shape of the instrument response function (IRF) in our
experiment (for a detailed discussion see.19) In all repre-
sentations of 2D spectra, the data are folded back into
the non-rephasing quadrant.
III. RESULTS AND DISCUSSION
We start in Figures 1a and 2 with neat CHBr3, which
we have also investigated in our previous works,19 but
has been measured again for a consistent comparison
with the subsequent dilution series. Figure 1a shows its
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FIG. 1: Experimental 2D Raman-THz data for a) neat CHBr3
and b) CHBr3-MeOH binary mixture with XMeOH = 0.3.
2D Raman-THz signal in the Raman-THz-THz quadrant
measured beyond the pulse overlap region (t1> 0.7 ps).
The vibrational signal was isolated from rotational con-
tributions, which originate from the alignment of the
CHBr3 molecules along the polarization direction of the
strong Raman pulse, by substracting a single-exponential
fit along each t1 cut. There is a very long-lived oscilla-
tory signal along the t1 direction (Raman to THz delay),
extending significantly beyond our measurement window,
while the signal decays significantly faster along t2 axis
(THz to THz delay). It appears to be a rephasing signal
with the fringes inclined along the diagonal, but that is
an artifact from the undersampled acquisition along t1
(see Methods). Figure 1b depicts the signal obtained
for the CHBr3-MeOH binary solvent mixture with the
highest MeOH molar fraction XMeOH=0.3 used in this
work. Two main differences can be noticed upon MeOH
dilution: a significant decrease in signal size (more than a
factor of 5) and additional beating of the oscillatory sig-
nal along the THz (t2) axis with a nodal line around t2
= 0.25 ps. Both effects will be quantified and discussed
in detail below.
Figure 2a shows the absolute value of the 2D Fourier
transformation of the data in Figure 1a, revealing a sin-
gle cross peak with the f 1 frequency matching exactly
the v3 symmetric bending mode of CHBr3. Along the f 2
axis, it shows a broad band peaking at around 3.3 THz,
as is evident from the cut in Figure 2b, blue line. As dis-
cussed in great details in our previous publication,19 the
convolution of the molecular response with the IRF sig-
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FIG. 2: a) Absolute value of the 2D Fourier transform for the
neat CHBr3 signal in Figure 1a. (b) 1D vertical cut through
the 2D spectrum at f 1 = 6.7 THz (blue line), together with
the deconvoluted data (red line) obtained by dividing through
the IRF slice (black dashed line). The regions with unreliable
deconvolution are shaded out.
nificantly distorts position, shape, and amplitude of the
observed peaks in the 2D spectrum. In order to decipher
the real frequency position of the observed cross peaks,
one needs to reconstruct the IRF by taking into con-
sideration temporal shapes of THz and Raman pulses,
and subsequently perform a deconvolution by dividing
the measured response through IRF in the frequency do-
main. Figure 2b, red line shows the result of that proce-
dure, with the cross peak shifted downwards significantly
along the f 2 axis, now peaking at 1.5 THz, where collec-
tive intermolecular motions of CHBr3 and many other
polar liquids can be found.33,34
Figures 3a-c show the absolute value 2D spectra
obtained for a series of CHBr3-MeOH mixtures with
XMeOH = 0.1, 0.2, and 0.3 mole fraction of MeOH. Fig-
ure 3d depicts the 2D spectrum obtained for a solution
with 0.3 mole fraction of CS2 in CHBr3, which was mea-
sured as a control. Comparison with the reference data
of neat CHBr3 (Figure 2a) shows that the addition of
MeOH with 0.1 and 0.2 mole fraction (Figures 2a and b)
does not significantly affect the shape of the cross peak.
The only significant difference is the reduction in signal
size upon addition of MeOH. However, for the XMeOH
= 0.3 (Figure 3c), along with a further reduction of sig-
nal size, there is a significant change in the cross peak
line-shape, which splits into two portions and becomes
significantly broader. That substructure is the result of
the beating discussed in the context of the time-domain
data of Figure 1b. On the other hand, the control mea-
surement of a binary mixture with 0.3 mole fraction of
CS2 does not show any significant change in the cross
peak line-shape.
Figure 4a confirms that observation on a more quanti-
tative level, depicting spectral cuts at f 1=6.7 THz along
the f 2 axis for all five aforementioned measurements. The
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FIG. 3: Absolute value 2D spectra of a series of CHBr3-MeOH
binary mixtures with a) XMeOH = 0.1, b) XMeOH = 0.2,
and c) XMeOH = 0.3 molar fractions. (d) Absolute value
2D spectrum of the control CHBr3-CS2 binary mixture with
XCS2 = 0.3.
cut for the XMeOH = 0.3 measurement (green line) shows
two peaks around 2.4 THz and 4.4 THz, while the cross
peak remains in the 3.1–3.4 THz region for the rest of the
measurements, including XCS2 = 0.3. As was mentioned
earlier, the positions of the peaks in the 2D Raman-THz
spectrum are significantly distorted and deconvolution is
required to obtain the real molecular response. To get
a qualitative idea about the possible origin of the split-
ting observed in the XMeOH=0.3 sample, it is useful to
analyze the spectral shape of the cross peak after de-
convolution, i.e., after division by the corresponding cut
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FIG. 4: a) Comparison of vertical cuts corresponding to f 1 =
6.7 THz for neat CHBr3 (blue), XMeOH = 0.1 (red), XMeOH
= 0.2 (magenta), XMeOH = 0.3 (green), and XCS2 = 0.3
(black dashed). b) Comparison between absorption spectrum
of MeOH (black line) and deconvoluted vertical cut of XMeOH
= 0.3 measurement at f 1 = 6.7 THz. The regions with unre-
liable deconvolution are shaded out.
of the IRF (Figure 2b, dashed black line). The result
is shown in Figure 4b (green line), whose main peak is
narrower and at lower frequency (1.3 THz vs 1.5 THz)
as compared to neat CHBr3 (Figure 2a, red line). In
addition, a small shoulder shows up around 4 THz. In
order to understand the molecular origin of this shoul-
der, we performed a linear THz absorption measurement
of a neat MeOH sample, which is depicted as blue line
in Figure 4b. The THz spectrum of MeOH reveals a
broad peak around 3.9 THz, which was reported in the
literature before35 and is usually assigned, at least par-
tially, to the collective hydrogen-bond stretching modes
in MeOH.36,37 The sharp peak at 5.5 THz is due to the
response of the sapphire windows of the cuvette.
The fact that the frequency of the shoulder in the de-
convoluted 2D Raman-THz response falls very close to
the intermolecular vibration of MeOH provides evidence
for the interaction between the two solvents, indicat-
ing that the intramolecular bending mode of CHBr3 is
weakly coupled to the intramolecuar hydrogen bond mo-
tion of MeOH. This claim can be supported further by
considering the signal obtained from the control CHBr3–
CS2 binary mixture (Figure 3d). Similarly to the CHBr3-
MeOH mixture, CHBr3 and CS2 are fully miscible for all
5-MeOH
0 0.1 0.2 0.30
0.2
0.4
0.6
0.8
1
X
I /
I 0
CHBr3
C[CHBr3]
2
CHBr3-CS2
FIG. 5: 2D Raman-THz size dependence on CHBr3 di-
lution. Measured signal vs. MeOH mole fraction (blue
circles). Expected square concentration dependence (black
crosses). Measured signal size for the control measurement
with XCS2=0.3 (red square).
mole fractions. However, unlike MeOH, CS2 lacks the
ability to form any hydrogen bond with CHBr3 and thus
can be considered a simple dilution agent. Figure 3d
shows that the line-shape of the cross peak remains in-
tact upon the addition of CS2, indicating that splitting
observed in Figure 3c for XMeOH = 0.3 mixture is not
related to CHBr3 dilution but originates from the inter-
actions between the two solvents.
Additional indirect evidence for non-ideal behaviour
is derived when examining the dependence of the signal
size of the 2D response as a function of concentration of
MeOH, which is significant. By the time the molar con-
tent of MeOH reaches 0.3, the signal is decreased by a fac-
tor 5, significantly limiting our ability to measure CHBr3-
MeOH systems beyond this composition. This behavior
is illustrated in Figure 5, where signal size, scaled with
the transmitted THz field and normalized to the maxi-
mum signal obtained for a neat CHBr3 sample, is plot-
ted against MeOH fraction in the mixture. The signal
decreases much faster than the square of concentration
(black line), which would be expected in the case of a
simple dilution. It is worth noticing that when MeOH
is replaced with CS2 (red square), this trivial concen-
tration dependence is indeed observed. We believe that
the “missing” signal in the XMeOH=0.3 sample is an in-
dication of the significant disruption of the long-range
interaction in CHBr3 on account of the formation of new
intermolecular interaction in the CHBr3-MeOH binary
solvent.
IV. CONCLUSION
The combination of experimental findings presented
here, namely, the split of the v3 cross peak into two con-
tributions in the XMeOH = 0.3 sample, the close cor-
respondence of one of these cross peaks with the linear
MeOH spectrum, and the non-ideal signal size depen-
dence on MeOH concentration, provide new insights into
the structure and dynamics of binary solvent mixtures. A
deeper understanding of these effects will require molecu-
lar dynamics simulations, in connection with procedures
to calculate the 2D-Raman THz response.38–41 Further-
more, the double peak structure of the cross peak, or cor-
respondingly, the beating of the time-domain data in the
t2-direction, emphasize that the response is not instanta-
neous in the THz dimension in our RTT pulse sequence,
unlike for the TTR pulse sequence.23 The demonstrated
sensitivity of 2D Raman-THz spectroscopy toward low-
frequency intra/intermolecular vibrational couplings can
be utilized further to study structural characteristics of
hydrogen bond network forming systems.
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